Introduction
Nowadays, cemented total hip arthroplasty (THA) is performed routinely without severe complications, even in elderly patients. Nevertheless, problems can arise resulting from fat and bone marrow embolism caused by intramedullary manipulation during insertion of the femoral component. It had been presumed previously that these emboli were trapped in the peripheral pulmonary vessels and did not reach the systemic circulation [2, 11] . However, recent studies in humans have shown that embolic material may pass into the systemic circulation in the presence of a patent foramen ovale [22] . In addition, fat emboli have been seen to pass through the lungs of animals [4] . Systemic fat embolism can cause neurological complications in the post-operative period, and in the brain this can present as confusional states [14, 16] , stroke [16] , coma [5, 21] or death [7, 14, 16, 21, 31] . In 1970, Gurd [13] described significant cerebral symptoms as a major result of the fat embolism syndrome.
Pathophysiology
The most significant causative factor in the passage of fat and bone marrow into the venous circulation is the rise of intramedullary pressure that can occur within the femoral cavity during insertion of the stem [8, 15, 18, 30] . The medullary contents then pass via the metaphyseal vessels into the natural venous drainage system, which is localised along the linea aspera [23, 24, 25] , and thus into the right side of the heart. This microembolisation of fat and bone marrow can be demonstrated by using trans-oesophageal echo-cardiography [9, 17, 18, 20] . Massive obstruction of the pulmonary circulation by embolic material can then lead to pulmonary hypertension [4, 9, 27] , haemodynamic instability [11] , and right heart failure [11] .
Trans-pulmonary passage
Several authors report that emboli can traverse the lung circulation and cause embolisation within the systemic circulation [6, 7, 12, 16, 21, 29, 31] , and two theories have been advanced to explain the presence of fat and bone marrow in this circulation [10] . Firstly, a mechanical hypothesis proposes either intra-cardiac shunting via a patent foramen ovale [22] or trans-pulmonary passage of small fat droplets through pulmonary capillaries [4] . Secondly, a biochemical hypothesis suggests a possible direct effect of free fatty acids on the cellular membrane, causing an inflammatory response [10] . The activation of the clotting cascade [28] and the complication of deep vein thrombosis [25] occurring during cemented hip arthroplasty supports this idea, although the two theories are not mutually exclusive.
The study by Byrick et al. [4] demonstrated that transpulmonary passage is possible. They showed that deformable fat globules, and an increase in pulmonary artery pressure by the embolisation itself, contributed to the trans-pulmonary passage of embolic material through the vessels of the lungs [4, 27] . Intravascular fat was revealed in tissue specimens of brain, kidney and coronary vessels in an animal model 3 h after bilateral cemented THA [4, 27] . The authors showed that the mean diameter of the lung vessels occluded by fat and bone marrow was only 9.92±1.43 µm. It also was shown that the length of time after cementing had an effect on the diameter of the vessels occluded. Measurements performed 1 min after surgery showed that the mean diameter of the vessels occluded was 12.8±15.2 µm, and that this decreased to 4.9±5.1 µm 2 h after surgery, thus supporting the hypothesis that embolic micro-particles are forced into more distal pulmonary capillaries. In addition, the proportion of occluded vessels with a diameter >10 µm decreased significantly during this period, while there was an increase in the number of occluded vessels with a diameter <10 µm. This is consistent with the progressive migration of emboli more distally.
No evidence of cellular infiltrates or tissue oedema in the lung was noted on electron microscopy, suggesting that there was no release of free fatty acids provoking a chemical reaction. Fat and bone marrow emboli appeared in the systemic circulation less than 3 h after surgery, and intravascular fat was distributed primarily into the glomerular capillaries of the kidney, the cortical tissue of the brain and the myocardial arterioles of the heart. However, radio-labelled microspheres with a diameter of 15 µm injected intravenously rarely appeared in the systemic circulation, even when the pulmonary arterial pressure was raised [4] . The authors thus concluded that it would require a massive amount of compressible and deformable fat globules to be present in the circulation before there was a chance of any globules passing through the lung without becoming trapped. Nevertheless, they point out that their observations do not establish a direct relationship between intravascular fat in systemic organs with post-operative organ dysfunction.
Studies in humans
Two investigations have shown that fat and bone marrow can embolise into the brain during THA in humans. Edmonds et al. [8] As the Doppler signals were observed at these stages, it is assumed that the emboli passed either via a patent foramen ovale or by a trans-pulmonary route. However, in this study, the authors did not assess pre-operatively the presence of a patent foramen ovale using echo-cardiography and did not perform tests for cognitive sequelae or neurological problems. Accordingly, the clinical significance of their findings remains unclear.
Clinical observations in cardiac surgery have shown that cognitive deterioration does not occur unless at least 100-200 micro-embolic signals have been detected [8, 26] . It therefore remains unclear whether systemic fat and bone marrow embolism can cause a structural brain lesion, although the increased frequency of neurological and cognitive changes found in humans after arthroplasty procedures does seem to support this hypothesis [14] .
Ozelzel et al. [21] report two patients who showed later deterioration of neurological function after a normal recovery from anaesthesia. Three hours after their operation, both patients progressively lost consciousness and had to be re-intubated. CT scans showed no acute lesions, but serial MRI scans demonstrated diffuse small changes in the cerebral tissues. At autopsy, the brain of one patient who died at day 12 after surgery revealed multiple disseminated lesions consistent with micro-embolic infarcts. A similar case report has been recently published by Colonna et al. [7] .
Cerebral dysfunction in patients undergoing surgery
The onset of acute confusional states has been reported in 28% of 111 elderly patients with femoral neck fractures [14] , and in 33% there was deterioration of their pre-operative confusion. No correlation was found in regard to the surgical or anaesthetic technique used for primary treatment, but the authors reported a significant correlation between 'confusion' and a systolic blood pressure drop to below 80 mmHg. All the patients were re-assessed 6 months after surgery, and the patients who had been acutely confused were mostly then either requiring long-term care or had died. In addition, patients who were confused had significantly more post-operative complications and a four-fold increase in the length of their stay in hospital.
A multi-centre study [19] on cerebral dysfunction in 1,218 patients after major surgery (less than 25% of these patients underwent major orthopaedic surgery) revealed age, duration of anaesthesia, poor education, revision surgery, post-operative infections and respiratory complications to be risk factors for early post-operative cognitive decline. Age was a risk factor for late postoperative deterioration. In contrast to Gustafson et al. [14] , patients with underlying dementia or personality disorders (according to Diagnostic and Statistic Manual of Mental Disorders [DSM-IV] criteria [1] ) were excluded primarily.
Confusion can be assessed in accordance with the DSM-IV for delirium [1] . The Organic Brain Syndrome Scale of Gustafson et al. [14] has been used to detect and follow cerebral confusion. It consists of a disorientation (time, place and own identity), and a confusion sub-scale (changes in cognitive, perceptual, emotional and personality changes, physical and practical disabilities and fluctuation of the clinical state).
Diagnosis of cerebral embolism
Trans-cranial Doppler is the only method available to monitor accurately cerebral micro-embolism during surgery [8, 12] (Fig. 1) . T2-weighted MRI scans [5] performed during the post-operative period seem to correlate with the clinical severity of brain injury according to the Glasgow coma scale [29, 31] . MRI findings range from small, spotty high-intensity lesions to large macular lesions in the deep white matter or deep brain structures. In the future, diffusion and T2-weighted MRI may allow more accurate detection of cerebral micro-embolisation.
With this method, silent thromboembolism has been detected after angiographic procedures [3] .
Conclusions
Cerebral fat and bone marrow embolism can occur in patients undergoing THA, but it is not yet known if this event contributes either to post-operative neurological complications or to cognitive dysfunction. Diffusionand T2-weighted MRI scans in the post-operative period can detect structural changes in the brain, and this may represent either irreversible brain damage associated with neuron loss or a transient brain insult. Neuro-psychological testing can be used to assess changes of cognitive performance, and cognitive decline of patients following THA can be present even 3-6 months after discharge from hospital. Subsequently, the reduced cerebral function affecting daily activities may lead to long-term care and loss of independent living, and confused patients also have a greater incidence of post-operative complications. The prevention of fat and bone marrow embolism during surgery [25] probably could be an effective means of reducing the risk of post-operative cerebral sequelae. 
